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ABSTRACT 

ThTs paper describes the execution of precise assembly tasks by a robot. The 
level q f performance of the experimental System allows such basic actions as 
putt-n$ a peg Into * bole, screwing a out On a bolt, and picking up a thin 
piece from a flat Table. The tolerance achieved In the experiments has 0,001 
Inch. The experiments proved that force feedback enabled the reliable assembly 
Of a bearing complex consisting of eight parts with close tolerances, A movie 
Of the demonstration is available. 
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1 


Introduction 


Tlany iridustHi& have a great potential demand tor advanced 
auiomatioo In assembly tines* !n many »dfern factori«t, a great deal of 
unskilled human labor Is forced to be sated with substantially automated 
fabrication machines nr M/C machine tools because no versatile assembly 
each ire is yet available. From the viewpoint of robotics research, 
advan ced a s senbIy an toma tion pr dv ides a ter tils application field* 

So far, sever at laboratories have developed primitive robot a that 
can carry out simple assembly tasks. However, almost none of those 
robots operate within practical! precisian ranges.. An exception la a 
machine that was developed at the Central Research La&cratpry of 
Hitachi* It is not a general purpose robot, but the use of force 
feedback allows the machine to perform an assembly task with very cPdbr 
tolerances faster than unskilled human labor. 

Farce feedback Is a key to the performance of precise assembly 
tasks. Fortunately, at the ffIT A.I. Laboratory, there is available a 
simple robot that can delect forces and tongue* acting on Its urlst. 
Only email modifications of this system were needed to begin a basic 
experimental study. 

This is a report of a study on the execution of precise aeeembly 
tasks by a robot. the levs! af performance of the experimental system 
allows such basic actions as putting a peg into a hols, screwing a nut 
on a bolt, and picking up a thin piece, such am a washer that U lying 
on a flat table. Not only they are good examples for the study of force 
feedback, but they also are an important pert of a repertoire of basic 


taaka required 1 in a «l*r range of practical Hchina asseahl ■ «*. The 
In ler anca achieved in the ejtper | tents Has B. B0J Inch* Presumably, this 
eort of tolerance is a tin!tub req-uirsaent ter fcany practical 
applications, since it correspond § to the resolution of a vernier 
caliber, one of the GfMHM standards at heaeuresent ir eany machine 
shops* This study eftsons trates an asscbbly of a bearing! CPUplex 
consisting pf eight parts ullh close tolerance*. Of up to B.Bfti Inch, 
These experiments show that force feedback enables the reliable 
per far nance -Of assembly tasks with close tolerances. 
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2, The Li ft la Robot Systi* 


This study employed the Little Rebel Systc* develop 1 ^ by. □■ Silver. 
H is dhown in figure I. It provides lor the ITS user a ksdluk size, 
five degree Of iroedo*t seven amis robot which is controlled through the 
progr^HHing language LtSP by the PtP-fi coiputer. 

The heart of the robot is a force *#r**W couple* 'located' at Its 
wristl* H consists of si* L,V,0.1. a ( Linear Varlahfs Differential 
Tr sub foriier sf t Shd It allows the aeasureaent of forces and torques that 
are acting on the wrist. Figure 2 shews ths geeastricOl arranyeMint bl 
the eiv !•<¥*□> T. *, Hh(r B angle *a* ip a retstlcfial dlsplBeeesnt between 
the robot avis and the forca sensor ceaplax axis. The re I at ion eh it 
be tween force and torque components in the W-xyx coordinate aystee and 
the tort# coHpengnt) acting at the petition of each L.V.O.T. is 
described by ths fell owing equations* 

Fk - -f7s cosIG5 +b 3 - f4*Eos[4£-ai + ft*cas(4&+al 
Fy - -f2*a1nH5+>! + f4*tlnl45-*> + f5*tl nl45+al 
Fz - fl 4 f3 *• fS 

Tx - fl*d*cbalal - f3*d*sin{al * fS#d*ain(al 
Ty - fUdssinla) + f3*d*co#[a I - fEadacoafal 
Tz - f2*d - t4*d + !5*di 

where, Fx, Fy, Fz forces in x* y, z axle 

Tk, Ty, Tz torques about k, y, E axis 

fl, f2+ ■ f * fG forces at each L. V, D+T+ 

Force and torque coapensnls In thi hand coordinate! are obtained in 
turn free the following equal ions, ■ 


Fx' * Fxtcoetal - FyUlolbl 


Fy- - 

Fxesintb) + Fytcoslbl 

Fa’ - 

Ft 

TV - 

IT* - L2tfy)*easrt)l - 17y + L2*Fx>*s 1 nlb) 

V - 

tT* - L2*Fyl*sin[h> + tTy + L2*Fx}*cdb 1b> + LI *Fe 

It' - 

Tl - U i 1 Fjjtcai Ibl 4- Fxtsinlb} J 


In tha currant Lift I a Robot Syste*, an approxiBat 1 on technique 1• 
used In calculate tho fortei and torques, *lnca the stresg-strain *atrl* 
of the sensor hag not been analysed in detail* Consider aiall 
d i sp laeenents {dx\ dy", dz") In x', y", I* am Is a a uell as rDtitioni 
{da' T db a , rfc*) about the x", y p , z" avis, The displacementa In tbs 
L.^D.T.o ttl* 12,,* , tSI Ira rela-ted to 4 **, dy p , dz a and da p * db", 
do" as tollows; 


dV - 

-It2 *■ til/ fz 

dy' - 

(t4 + ts>/ n 

dt* - 

Ct3 4- tGJ/ 2 

da" - 

tt3 t tG - 2 

db" - 

[t3 - tEI / 2 

dc" - 

1 12 + tSI/ 2 


By tha coordinate transformation frea the -sensor axes t* p t y", z* I to 
the robot axes t* h y, zl, mo can obtain ttis di so I aoeaonis tdx, dy, dzl 
in x, y, z axis as well as the rotatlana Ida, db, del about the * r U* * 
axis. Next, ue aust deter*ina otarall etlffneee Ul, hZ h ..* kfi) in x, 
y, z anpj and about the k, y, z axis. Then u? can yet force and torque 
components approximateEy, as follous. 




Figare 2 . 


rpfce sensor couple* 3^(1 the coordinate sySt^RS. 













F* - fcl * dm , 

Fy - k2 * dy t 

F? - h3 * dz 

Tx » h4 t di , 

fy ■ KS * db „ 

fr ■ KE i dc 


Servo irvg of the robot is done by the PDF 1 & CoWfuTtr every 1/fiB 
tKflnl. LISP In the PtIP-ill governs the PTJF-E via. five epeelaI LISP 
fund tone.. 

The LISP functions are: 

SETH (SET Mi ni I of two arguments, sets POP-6 variable;]. 

GETHF I GET Hint Floating point! of ore argument, reads POP-S variables 
In floating point eDde. 

GFin (GET llini fined point] reads POP-S variables in fixed point Mode.. 
WAIT of nnc argument, evaluate! lit argument every K3ff eecond 
and uMI 'sleep' until evaluation returns T. 

SED [Sort of EQuall of three arguments, fa turn ■ T when the first 
argument is dOufli IP the second withIn the tolerance of the 
third, Otherwise H[L + 

The POP’S var] ahl«s are shown In ladle 1. Note that the prefixes 
K h V, Z, H, fr, Y, T a ran K-ania V-aura, Z a«la, Ho tat Ion about I, Grip* 
Vice and TiIt1ng-part-holder t respectively. Mode switches FRE select 
ths control made, For example, when KFRE ift fl r the H-a*li acta as a 
position control servo, and Hhen XFFE la -l t St act* as a force control 
servo. A acre detailed description can be found In AI tlaao No, 273: 
'The Little Rabat 'System.' by 0. Silver. 
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Table L POP-G Variables 

What Fol lous is a brief introduction to the basic functions used in 
this aluiy. They are Intended to he lb the reader understand the brograu 
which uifl apppear in sections 3 and 4. 

Position control [absolute}; K>», Z», R-. * Y-», P- 

•ft [DEFUM K- 1X> -ESETn MES JO (SETH XFRE BJ1 

Position control [rotative!; OX*, DY-, tE-, OR-, QG-, DY“ t tl?- 

■e-gt I0EFUH OX* SOTO CX- IfLUS ICEW JtPDS) QKItl 

Force control; FX«, FT", FZ»» Ffl» + FC«, FV« 

eg: IDEFUN FX- IFX) (SETH KFD5 FX) tSETh XFRE -11} 

Check of positioti control? ?X, ?Y, ?Z T 7R+ 7G t ?Y+ 2f 
eg: CDEFUh 7X t J (SECI CGETTI KDETJ 0 Thrsahold-PI } 

Check ol force- control; 7FX t 7FY t 7FZ f 7Ffl. 7FG, ?F¥ 

egs [OEFUW ?Ftf f ) [SEQ 1GETF1 XFR5) [GETtt XFQS1 Threehold-F}I 

fl L a»:e I I aneuua; HGF, YOF h ZDF, DOF, and HOF goto X, V, Z coordinate, 

diameter and height of the object spscHlnd by the argument,respectively. 



Position control functions da us If aa fore* Control function a 
deliver their arguments to the PDP-6, whan they are evaluated, From 
that moment. the servo I tig loop in the PtP-6 control a the robot to the 
specified destination ifi th« specified moda. until another function 
changes the Control. Iha function WAIT Checfca 3 control situation and 
waits until its argument evaluates to T. The servoing i a still in affect 
after WAIT Is terminated. 

For OKample, 

I FI- fiHUWJT M7FZPJ IDR- 3,141 (WAIT * (7HJ1 

This program moves the hand dcun until it lands on the table, L*, 
a force Is fait in the Z-diractIon* When EWAIT ’{?FZil rsturns control, 
the program proceeds* ind rotates the hand 3,14 red 1 ana. During ®ndi 
e-Yen sftor this rotation, th® hand keeps the contact force ’fl" againat 
the table, because tFZ- til is atlll in effect, Thia should Ha kept in 
■ iird* as the- reader examinee the programs in sections 3 and 4-. 


3., App I i cat ions of Fore* Feedback in Machine Assembly 

Th-is section deacrlboji hoH force feedback techniquea are applied to 
the process of precise aachrna iasaatolg* Three baa re actions are 
selected for study. IhEy are; 

111 putting a peg into a hale nlth cloee talsreice, 

i2t atr-cuing a nut on a bolt* 

(31 picking up a thin piece froe a flat table. 

Each of these is required la per for* a wide variety Of bach ins 
a^uehbFies. if enfc analyzes the assekbly of any each ins, one can easily 
finrf that the above -*ent toned actions are frequentTy needed. 

The object used in the e*psr ieentsl assembly task ie a apecially 
deal gned bearing co*plEK, shewn in figure 3, ft consista of tdo radial 
ball bearings, tire spacers, a cylinder, a uaahor, a nut and a shaft nith 
threaded end. l*portant diiEnslons of the parte *r« specified in tigoro 

Th c tolerances are 0,inch for the 9HAFT-BEMTIFK pair and the 
EEAAlNG-CYLIWJEft pair, f,NZ inch for the 9<WFT-5FACER1 pair, 0 + 01 Inch 
fw SHAFT-SPAtIHZ pair, and 0.BE inch for the SHAFT-ittSHETT parr. 

3.1 f’eg-into-Hqle Visibly. 

The aain procedure of the peg-1nt0'■hoIe assembly |g broken into 
three cunBecutrvB phases; they are ‘drop-into*, ’sate’ and 'posh-into*, 
in that Order* 

‘Drop-in to" is a phase tn partially drop a shaft into the eouth of 
the cylinder. In the rtiift phase **a(s‘ adjusts the relative position 
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Figure 3: The Object to be assembled, 
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5 k ?e .Ind ^icarar-ca of tfra part&n 





































































and oriental]6n between the two, until the theft site in the aouth of 
cylinder correctly. In the third phase "push-into", the shaft \m puetied 
into the cylinder aBcothly until it arrives at the Dot tea, Every phase 
requires eoee type of force feedback to Control the delicate physical 
relationships between the parte. 

The clearance and the ehpgl der shape dettrains lh* difficulty Of 
assembly, In the field of each ins design, the standards of fit ar* pel I 
defined, depending on the machining accuracy, however ue dc not yet have 
any standards of fit In w toastie attSSIbFy. Presumably, they should be 
dsfired by considering post ticking error, clearance between parte, 
shoulder shape and asscanty »f gorltha. In this study, the concept of 
" loose fit* and "close fit* are Introduced, and each fit la related In 
its appropriate stereotyped a s Deals I y procedure. 

3.1.1 Loose Fit 

An example of "loose fit" Is the SHAFT-SPACERS pair. The SHAFT le 
tapered at one end, and the clearance Is @ + 0 1 Inch at the body and 8*088 
Inch at the tapered end. This aeseebly task begins free the initial 
state in which SPACERS ie located above the SHAFT in the Base 
orientation 3a the SHAFT* 

At first, ue auet consider the positioning repeatability -Of the 
hand. Suppose the error* In X, Y are “ ± e^2 ** Then, the hand auet be 
located within the ( tee I error square enclosing the reference point. 
If the hand le holding SPACERS at I te center, SPACERS le also located 
within the earns error square Qo the other hand, tho tolerance defines 
a circle whose dlaneter is equal to 'c " . If the to I Branco circle 


completely cover 6 the error Square, the fit ia io loose that the SHAFT 
up H go Into the E3FACFH2 ui thout changing thair Ihttlll or inntal lone, 
Thu a. the condition of 'loos a fit" is da fined! by c *fT ■ a 

In actual e™ptrI Bents, us cannot assuae that the hand .'ll u ays holds 
SPACEH2 at its center* One usually find* 9 saalt offset between tha 
hand and SPACERZ, especially with l parallel jsu type hand. Tha effect 
I g nainI' : | the result of the grasping action and aonetilies it ia much 
larger than the positioning error of the eervc-seebanIsaa. |f a hand 
has parallel jaws, like tha one in the Little Robot Systea, the offset 
occurs only in the direction perpendicular to the squeezing 3b I >■ 

lal DRUP-INTO: Froa the initial position, without changing the 
or i an tat 3 on, SPACEfIZ is* bovsd doun until It landa on SHAFT, Tharc arc 
three possibilities When SPA^FEZ is brought Into contact with SHAFT, 
CiiMtss 1 T 7, and Z of figure £ occur when the offset is negative, near iy 
zero and positive, repectivaly. To guide tha SHAFT into SPACERS * a 
different starch tactics bust ha taken depending oh the contact 
vi lust Inn, and it Is reccessary to decide Which C3IS has In fact 
occurred. Wouever, if a sail I Shift " +dX " has bean added to the 
initial pealtion ifi advance, the Contact situations bacoae as In the 
CSBHft r, 2* and 3'., This tike, tha aa** e'npEe search In tha g -X" 
direction ui 11 be applicable in all thrsa casea. 

Thus the procedure Is as foil I oust 

I LI nake a snail advance shift toward *>K" , 

12) *o*e SPACERZ deun until It landa on SHAFT. 

and keep a saalt fcrco against if* t 
(31 Slide SHAFT toward ’-IT until it drop* Into SPACERS. 
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Figure 5- 


Landing- ii tua t jona. 














































S4> stop Z’*&(ion T 

The program for this procedure \ni 

EDEFLiN DRnP-TNTO-L f } 

I0K- shift) tUAlt T 1?XH 
IFZ» s ia; 11 -con tac t - f nr cel IUA ] T T E ?FZ JJ 
■IF)!- east | -fi| i d i ng-f arcs) 

(WAIT ' [OR B7FXJ ESEQ IGETI1 FZI 9 Threshold)! I 
1DZ- f,B) ) 

Note; (WAIT waits until ths SHAFT contacts thi left Mall of the 

hole, EUAIT " ISLQ ECETh Fit 9 Threshol d) ] checks the occurrence 
Of the a drot) a + Either srsnt uill □OBDlste the desired action* 

(bi HATE: When DROP-INTO has bssri cneplsted, SHAFT should be at 

least part i ai Fy In the hole of SPACER^ So, the following procedure can 

guide the positiort of SHAFT exactly ta ths center of 5FACEA2. 

lit dove SHAFT toward >Y* until it find* an sdgs of SPACER2 

and get the Y-posltlen of SHAFT —> Y1 

121 *ow« SHAFT toward "-Y* unti F (t find* another edge of SWItftZ 

and get the Y-posltlen of SHAFT —* Y2 

t3) eove SHAFT to tYl + Y2)/ 2 

this sot ion locates the SHAFT In tbs actual center along the Y mis- 
5islInrlg; 

(4) find *+)£* edge ■ XI 

tsi find w -r edge —> X2 

TG) aove SHAFT to M + XZ)/ 2 


What fallows is a progras that perfom thie procedure. 


IDEFUN ftATE-V I 1 
IMG m vl | 

(Fv- seal l-edge-f i riding^ fores-to- l +Y‘I IUAII M?FV1) 
ISETQ VI tCETTlF VPtJSI J 

(FV-- bub I l-edge-f indlng-forcs-to-^Y - \ IUMT P [?FYIJ 
CV- if/% {+1 VI IGETflF YPOB)) 2.9)} {WAIT ' (?VI) 

[FX- ukaH-eds^-findinfl-fortB-lo-'+X'] {WAIT " l?FXJT 
[SFTd XI {GETfF KP053I 

!FX» seal I-edge-finding-fores-to- - -**) ItlAlT *l?FXII 
(X- \ff I i+t XI [GETITf- XFIMM Z.fll]' HUftI T MYXi) U 


Ic) PUSH-INTO-Vt 5PACERZ is Moved down along the SHAFT until ft 
arrives at the end, During this process, The X and Y position of ths 
SHAFT should accruesdale to- that of SPADER?, This ■ • easily done by 
-controlling X end Y force b to be zero. The progras for this is: 

IDEFUN PUSH-IHTO-V { 1 

tFX- 01 tFY- 01 {FZ- Inner ting-forte) (WAIT M7FZJ) I 

The sequence of ORCP-INTC-L, HATE-Y, and PUSH-iNTO-Y gives a aieple 
stereotyped action for the peg-intn-hole asseibly with loose fit* 

tDEFON PEG-HOLE-L t } 

iOROP-INTO-U IflATE-V) (PUSH-IHTO-YI I 

Actually, we can c*fl the tunctieh HATE-Y-, because during the 
following function PUSH-IHTD-V, the X, Y position of the SHAFT adapts to 
tins center of SPACERS, Thus we have an even slepler it ergo typed action 
for this task. 

IDEFUN FEE-HI0LE-L2 { > {DflOP-INTD-LI CRUSH -1KTO-V} I 


3.1,2 CIFit. 

The other class of fit in "cioes fit', defined by l C « l7~ * e K 
The BEAR 1WG-CYt_IROFfl pair, shoun in figure 7, is a good ssaepte of this. 
The function DflOP-IWTD*4_ will not reliably perfori the drop’inte pro-coas 


of a pair With does fill because |hs tolerance circle does not cover 
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Pag-into-Holo a&senbly M'th "I pass fit". 





























































all of the error square, The a tuples! technique for solving this 
difficulty ie that Of fitting the -peg or the hole. By tilting, the 
tolerance circle is equivalency enlarged up to the tin of hole, which 
it Such larger than the error square. Per steeple, the diaketer of the 
tolerance circle of the BEARING—CYLINDER pair [* 0.0B1 Inch without 

tilting, antf @ r £&li inch with tilting, Note thatj^ae of the eyetek ie 
qOout 8 . BPS Inch. So, if we ap-piy the tilting technique to the pair 
with close fit, ue can treat It ae if it usre a loose fit. The 
foil owing ie a prograe to do the dr op- In to process for a pair with close 
fit, 

{DEFim OTOP-TNTQ-C ( } 

IDfl- 0.11 fOV- shift! WAIT * IAN0 (7i?J (?YJI 
IFX- landing-forced WAIT ’l?FXI> 

(OK- a.0] i 


After the DROP-INTO-C i# completed, CYLINDER bus! be aligned to the 
orientation of SHAFT and T, 2 position of SCARING bust he adapted to 
CYLINDER. The procedure lit 

(LI aove BEARINGe toHSrd *+Z" until it find* an edge of CYLINDER, 
and gat the Z-puiition *■> 21 

(31 hove BEARENGs touard *-Z" until it finda another edge of CYLINDER, 
and get the Z-position --> 22 
(31 move to tZl +■ 221 / 2 

(Al neve BEARENGs to +Y •direction until It contacts the CYLINDER 
ISl Xeep above contact and apply seal I force in +X direction 
(El null the Z-force and rotate CYLINDER te R - 0. @ 


The prograu for this ie: 




Figure 7, Feg-inlD-H&Lfr assenD^ uitn “cloic fit u . 
































































(DEFUN ttATE-M I ) 

(PROG (Zl> 

!FZ* ana Il-Edge-findmg-forei'to-"+Z"i (HA 1T M7FZIJ 

(SETQ 21 (CETflF ZPQ5)) 

(FZ“ nail^edgs-fInding-ftirCI - 14- 1 - 2 *) (itAlT ' I 7 FZH 

iz- I//* (+* n igethf zposn 2 <m> 

(FY« apaH-ccmtact-fDrcB-in-*V-a*la*) IUAIT '(7FYJJ 
(FZ- fl> (R- S.Bi fUAlT '(Tfll) 

JJ 


The nfijilf thing to do ie ths "pdth-lnto' action. It ie the 
PUSH-3N70-Y except for the direction. 

(DEFUN PUSH -1IIH0-H ( I 

(FY- 0) (FZ- fl I 

(FH- 1 nae-rt mg-Fores I 1 (MA|T ' (^FMl ] ) 

A stereotyped sequence of peg-into-hcIe asBehblg (sc close fit is 

defined as to Nous. 

IQFFUN PFG-MOt-E-C ( J 

tQROP-INTO-CI [I1ATE-H! [PUBH-lNTD-HJ > 


3.2 Serening 3 Nut. 

The action for scrOUlng a nut an & baft is alto broken Into three 
consecutive phases; "drop- in to*, "Bate", and "seccu-i nt o*. For the 
"drop-into" and Vste" processes, 0P0P-INT0-L and HATE-Y, defined in 
section 3*ii are applicab(e + ] n order to screw a nut, th* nut Bust be 
turned in a clockwise direction while *K*r(Sng a aiaU dounuard 
pressure. During this screwing phg*e, ths K, Y poaltion ot (ho nut Bust 
acCOisBOdata to that of th* *er*M, SO K, Y force are confrolied to be 
ioro. When tha rebet feels the specified fastening tprqu*, it stopa the 
ecrsuing motion* 

(DEFUN SCREU-tNTO ( } 

{F 2~ sea 11-down-fore*) IPX- fll EFV■ B) 
tFH* fastening-torque) IUA[T ' (TfRJ) 3 


Thus, a procedure for screwing a nut It; 

I DEFUN SCPE 14-NUT < \ 

fQRCP-INTD-U fUATE-YI ISCREW-INTOI } 

Again in this function, ms tan also lgnpr* the function P1ATE-Y, 
because during the next function SCREW-]NTS, the K, Y position of the 
dcrirn adapts to the center of the nut. Ttiui ho h>v* an a f tarna tn + 
stapler fund inn for thia la*k+ 

I0EFUN SCREU-NUT^ t 1 

IDRUF-JHTU’U {SCREW-INTO! ) 

3.3 Picking Up 3 Thin Piece. 

If one analyzes the assembly of any aachine, one mill find that the 
robot has to handle iany seal I, thin pieces such as washer*, It ia hard 
to pick up such thin objects troh a flat table. If the commanded; 
position ot the hand is slightly higher than the table, the robot hIM 
miss the Hasher, It it i* a lift ia bit I nuar than tha table, it may 
exert a large force against the table. Prosumsb I y, in the latter case 
serious damage can occur to the robot or the labia. 

When picking up a thin piece, force feedback ia necessary to check 
whether the hand mates contact uith tha table or not. The to It suing la 
a program lo pick up a thin piece on a table, 

fdEFUtf PECKUP (1 T> 

1C- Ut ID-1 A. m 6.211 

IZ- |+S IZOF IT! IHUF IT] 6.21 (WAIT 'UNO C7 1 ) f?G>M 
CFf- a pal I -I and i ng- for c*] (WAIT M?FZf> 
tF£>- grasping-force] (WAIT 'l?FCfl 1 

In order to decrease the of fast bat we an the hand add ttV* abject and 
to aitou for errora in the pa* | tlonl ng of the part, tha fallowing 


contorting action ]g very effective 


{BERJH PICKUP-2 lin 

(G- Ut Id]A ITf 0,2)> 

II- {+t IZQF m (HQF I Tl B t £)1 (WAIT " (AND (7ZI ITG11J 
IFZ- aeaF1 - I god Ing-fcrccl WAIT 1 (?FZ}) 

IFG- east I-grasping-for cat WAIT T I2FGT1 

(DC- 0.21 WAIT 'ITGh) topen the hand 9,2 inch. 

(DR- 1,57] WAIT MTftJt (turn the hand 1*5? radisn. 

(FG- grasp mg-force] WAIT 't?FCJI t 


4. Out ling of Asiesbly Dhhii tret ion 


Figure 0-1 ahem the Initial environ sent of the demmitral ion of 
machine 3 b e e no I y. This damona trail on does not use any vision program, 
nn all Informal 1 on about the position of tha parts must bo specified, 
the assembly sequence is; 


U) put BEARING! onto SHAFT 


12) put SPACEfil onto SHAFT 

131 pot BEARING2 onto SHAFT 

(4) asBoabla CYLlHCEfl with BEARED In SHAFT 

ts: put SPACER1 onto SHAFT, vertically 

{63 put UASHER onto SHAFT, vertically 

(7! put HUT on SCREU and torque down the HUT 

To carry out the above (tea one tr at ion, three LISP function* are 
defined. AGSY-L performs the peg-iote-holI aaatabiy of loose fit f da 
described In section 3+1+1+ ASSV-C does the pag-1 nto-hole assembly bf 
close fit, as described in aaellon 3, LZ. ASSY-N puts a HUT ori the 


acreu end torques It doun, bs described in section 3-Z- 


(DEFUN A55Y-L (PARTII 
(GO-ABOVE FAHTlI 
IPICKUP-Z FART II 
I UR]WG-TO VSHAFTl 
IPEG-HOLE-U 
(RELEASE! 1 


jaove hand above the part 
fplct It up 
l Ur1ng it to Shaft 
lP6$-in|Q-ho|« of loaae fit 
^ra lease 


IDEFUN ASSV -C I PARTII 
(GO-ABOVE PARTI! 
[PICKUP PARI11 
C8RIHG-TQ HSHAFT] 
CFEG-HDLE-CI 
IRELEASE] I 


;ative hand above tha part 
spick it up 
[bring if to shaft 
;peg-lnto hole of close fit 
j release 


fDEFUN ASSY-N ftfUT> 

[GO-ABOVE MUTI 1 
(FlttUP-Z NUT) 
IBRING-TO V 5 HAFT] 
iSCREU-NtjTJ 
I RELEASEI I 


(love hand above the frflri 
spick it up 

:bring It to th* icreu 
]screu b nut 
j re lease 


The fc Noting pro^at AS5FHBLV carries out the dfiPBnatrfttlwi completely!. 
Pictures in figure $ aheu the super I lent. 

CQEFUN ASSEflBLY l I 

IP- 1.57) (WAIT M7PI) 1 11 ( t the shaft horizontally 
(AS5Y-C BEARTNG1) 

(AS5Y-C SPACER1I 
IftSSY-C BEAR1MG2J 
IASSY-C CYLINDER} 

IP- 3.HJ ILJA]T M7P» itut ths than vertically 
tASSY-L SPACER!] 

(A5SY-L HASHER i 
CA5SY-N NUT] } 


&Tf 




P-4 ' 1 




5. CnriiL I Li-a i ona and Di scuss i on. 


noting par l« uith close tolerance rsquirs* farce feedback to assure 
cjonrf aMi^nmotf This paper describes a study of forte feedback in a 
typical assembly task. The performance of th# ayatss includss such 
tasks as pitting o peg into a hole, icnuing a nut on I boil, and 
picking up thin pieces such as Hashers* It ihsuU he noted that each of 
these is a basic and required task for a wide range of machine 
as sent? 1 i as. Tolerances of 0,001 Inch 4 *r* achieved and experiments 
proved that force feedback enabled the robot to per fora these assembly 
tasks quit* reliably. 

In the peg hole aastiiply, the concept of Eoaae fit and cldie fit 
were introduced. For each fit, 3 slaplfl star so typed action Is 
presented, the stereotype tw close fit uses a siaple tilting technique 
to improve the reliability. The closest tolerance pair 

{CVLlNQEfi-BEAfilfoG) assembly was assei&led using this tilting techniflute* 
Houcnr, the BFARSNC-5HAF T and SPACER1-SHAFT assembly could be done 

without the tilting technique. Mhcn screwing 3 nut, the nut is first 

brought into contact with the top of ocrew* From that muient, force 

feedback guides the nut into the strtu and turn* it doun to the 
prescribed torque. Force feedback also a I Iowa the robot to pick up a 
thin piece* evert fra* a Hat table. In this process, after the hand is 
felt to have arrived at the table* the robot closes Ua hand while 
keeping the contact force ulth the table. By using this tactic* the 
robot can easily pick up a thin pises whose thickness is 0,05 inch. 

This study docs not use any vision prograss. Bo a 11 the gnusetr i ee I 


information about the part? au-at be prescribed, The poeltional 
tolerance at each part Is 

i I (width between two 11 dyer ml - (di ess ter of the part) 1 / Z 
When the part Is located with in (his tolerance, the assembly can Ob 
carried out quite successfully. It the robot can see the environment, 
the parts need not be so care fu My positioned. In a hand-eye syslas, 
the fallowing information should be detersined by a via Ion program 

U) i dent if leal I OH of the parte 

12) K, t, Z position of the parte 

13) R-nrlentation of the parts 

(4) maxi isus diameter of the parts 

15) thlchrresB of the parte. 

The farce sensor comp I an of- the Little Robot System* canal sting at 
six L.V.n.T. h, has a maximum range of about i pound and a resolution of 
about ft, 25 ounce, When the ayslas it first started up, gravity off set 
calibration Is done automat 1 caMg. Hcusver, one cannot avoid the sea I I 
hysteresis and drift that arise fro* the mechanical behavior of the 
force sensar complex, This reduces fell able measurement- In order ta 
make the sensory system more sensitive and reliable, it seems necce Beery; 
to develop a bore sophisticated force signal processing program, that 
compensates for the drift and the hysteresis. 

Servoing ie done by a machine language prograa running in the 
POP-6, every 1^60 secend. The terminating condition le checked by a 
time-shared LISP program In the PDf-Ift, Under some circornstanees, this 
arrargenent causes the robot to pise the Eeraimat 1 on condition. To 
prevent such timing errors, 9 bel is-vi that the terminating conditions 


should be checked It) the nervoing loop on a real tlae Eka91 ff P and that 
the ter »i fiat ion should be reported to the higher levat language via 
interrupt facilities* 

Lastly, I Mould like to add a trivial cement: Force feedback 
enable* the robbl to guide a peg into 1 hole quite reliably, given that 
the par ta do no! slip in the Sand, Free a practical point Of view, it 
is algo important to develop a general purpose hand that prevents k *Hp" 
or that at least detects Ms occurrence. 
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